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a b s t r a c t
Current clinical practice lacks an accurate predictor for the pathological fracture risk in metastatic bone
disease, but biomechanical tools are under development to improve these predictions. In this paper we
explain the limitations of currently used clinical guidelines and provide an overview of more objective
and quantitative approaches that have been proposed for fracture risk assessment in metastatic bone
disease. Currently, such mechanical models are as sensitive and speciﬁc as clinical guidelines, but there
are a number of opportunities to further improve their predictive capacity. Hence, they are a promising
tool to decrease the numbers of over- and undertreated patients.
& 2014 Elsevier Ltd. All rights reserved.
1. Introduction
Bone is a preferred organ for primary tumour cell seeding in
common cancer types such as breast, prostate, lung, kidney and
thyroid cancer (Coleman, 1997, 2006; Gralow et al., 2013; Laitinen
et al., 2012). Particularly skeletal parts that contain bone marrow
(e.g. the skull, ribs, spine, and long bones of the axial skeleton)
provide a fertile environment for seeding and are therefore com-
monly invaded by tumour cells (Johnson and Knobf, 2008; Laitinen
et al., 2012; Mavrogenis et al., 2012). In more progressive states bone
metastases can, amongst others, cause pathological fractures
(Coleman, 1997; Laitinen et al., 2012; Mantyh, 2013), in which case
patients lose their full mobility and may develop severe complica-
tions (Mavrogenis et al., 2012; Ruggieri et al., 2010). Pathological
fractures are treated with complex surgical procedures. Surgeons
have to weigh the impact of the operation and rehabilitation against
the physical status and expected survival of the patient (Attar et al.,
2012). In addition, they must be convinced that the load capacity
of the reinforced bone will sustain the daily loads for the life expec-
tancy of the patient (Attar et al., 2012). In current clinical practice,
metastatic lesions identiﬁed with an impending fracture are treated
with preventive surgery. This treatment is less complex and has
better survival rates than surgical treatment of actual pathological
fractures (Laitinen et al., 2012; Mavrogenis et al., 2012; Ratasvuori
et al., 2013). Lesions that do not jeopardise the mechanical integrity
of the bone are treated conservatively with (a combination of)
radiation therapy, analgesics, chemotherapy, hormonal therapy or
bisphosphonates, with the aim to relieve pain (Van der Linden,
2005). However, it turns out to be extremely difﬁcult, if not
impossible, to assess clinical fracture risks based on conventional
X-rays or CT images. Hence, even for experienced clinicians, it is
impossible to make accurate predictions. This was well demonstrated
in a study by Hipp et al. (1995). They used 10 paired cadaver femurs,
with an artiﬁcial lesion drilled in one of the femurs of the pair. The
failure load for each bone and the strength reduction within a pair
was determined based on a mechanical axial loading experiment.
Using CT-scans and roentgenograms of the bones, three orthopaedic
surgeons were asked to report on the lesion size, the femoral failure
load and the strength reduction within a femoral pair. There was
moderate agreement in deﬁning the lesion size (mean difference 11%,
range 2–47%), but there was no relationship between the failure load
measured in the experiments and the failure load estimated by the
surgeons. The same disappointing result was found for the strength
reduction in the femoral pairs. In a comparable experiment we
showed very similar results. Clinical experts were asked to rank
femurs with and without artiﬁcial lesions on bone strength; the rank
correlations between experimental bone strength and predictions
by clinical experts ranged only between 0.45 and 0.53 (Fig. 2)
(Derikx et al., 2012). This demonstrates that a more quantitative
measure of bone strength in patients with metastatic bone disease is
urgently needed.
In this paper we provide an overview of more objective and
quantitative approaches that have been proposed for fracture risk
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assessment in metastatic bone disease. We discuss their efﬁcacy
and the potential challenges that may come in with the clinical
implementation of such tools.
2. Clinical methods for fracture risk assessment in metastatic
bone disease
Finding an objective measure for fracture risk assessment of
bones with metastases has been under study for several decades. By
evaluating roentgenograms of patients who sustained a pathological
fracture, the size of the lesion (Beals et al., 1971; Cheng et al., 1980;
Harrington et al., 1976; Keene et al., 1986; Miller andWhitehill, 1984;
Snell and Beals, 1964; Van der Linden et al., 2004; Zickel and
Mouradian, 1976), the extent to which cortical bone was disrupted
by the lesion (Van der Linden et al., 2004) and the radiographic
appearance of the lesion (Beals et al., 1971; Bunting et al., 1985;
Keene et al., 1986; Miller and Whitehill, 1984; Mirels, 1989; Snell and
Beals, 1964; Van der Linden et al., 2004; Yazawa et al., 1990; Zickel
and Mouradian, 1976) have been studied as potential predictors for
the fracture risk. Pain has been included as well in these studies
(Beals et al., 1971; Fidler, 1973; Harrington et al., 1976; Keene et al.,
1986; Mirels, 1989; Parrish and Murray, 1970; Van der Linden et al.,
2004), as it was hypothesised to be a measure for loss of mechanical
strength (Mirels, 1989), or an indicator of excessive deformation
(Fidler, 1973). Despite these documented efforts, none of the studies
identiﬁed a powerful predictor for the fracture risk. The most recent
clinical study in this ﬁeld compared, amongst others, two guidelines:
Mirels' scoring system and a threshold for cortical disruption (Van
der Linden et al., 2004). Mirels' system scores the location of the
lesion, pain and the appearance and size of the lesion. Patients with
high scores need immediate surgery, while patients with low scores
can be treated conservatively. Had Mirels' scoring system been
applied to the patients in the study of van der Linden et al., none
of the impending fractures would have been missed but a large
number of patients would have undergone unnecessary surgery
(sensitivity¼1.0, speciﬁcity¼0.13). Alternatively, a threshold of 3 cm
cortical disruption was proposed to identify impending pathological
fractures. Had this method been used in Van der Linden's work,
some of the impending fractures would have been missed
(sensitivity¼0.86), but the power to identify non-fracture patients
would have increased (speciﬁcity¼0.58). Thus, the latter guideline
improved upon Mirels' scoring system but remained to have
difﬁculties preventing unnecessary surgeries.
In summary, clinical studies so far have mainly focussed on
lesion characteristics and pain, while the bone strength of the
femur was largely ignored. In order to estimate the fracture risk,
however, it is important to assess the reduction in bone strength
caused by the lesion with respect to the initial bone strength.
3. Mechanical models to assess femoral bone strength
More recently, the focus has shifted towards mechanical models
for fracture risk assessment. The most commonly proposed ones are
computed tomography based rigidity analysis (CTRA) and patient-
speciﬁc ﬁnite element (FE) modelling.
The use of composite beam theory in the context of fracture risk
assessment has been extensively investigated over the last two
decades (Leong et al., 2010; Snyder et al., 2009; Snyder et al., 2006;
Windhagen et al., 1997). Starting in the spine, Windhagen et al.
(1997) generated quantitative CT (QCT) scans from vertebral seg-
ments with artiﬁcial and actual metastatic lesions and mechanically
loaded them until fracture. Using a calibration phantom, the grey
values in the CT scans were converted to ash densities and Young's
moduli, respectively, and the axial rigidity for every CT slice was
subsequently calculated based on composite beam theory. High
correlations were found between the experimental failure load and
axial rigidity (R2 ranging from 0.79 to 0.85). No correlation was
found between defect size and failure load, which conﬁrms earlier
ﬁndings showing that lesion characteristics alone cannot accurately
predict fracture risk in metastatic bone. Additionally, CTRA was
applied in the femur in a clinical setting. Snyder et al. (2006)
included 36 patients with benign femoral lesions, 18 of which had
sustained a fracture. Axial, torsional and bending rigidities were
calculated for the affected bone and the intact contralateral bone,
respectively (Fig. 1). Statistical analysis revealed no difference in
lesion characteristics between the two groups, but the relative
reduction in rigidity (i.e. the difference in rigidity between the intact
and the affected bone) was signiﬁcantly larger in the fracture group
than in the non-fracture group. Thus, in the fracture group the
lesions had weakened the bone to a larger extent than in the non-
fracture group. This was the case for axial, bending and torsional
rigidity. Based on these results, cut-off values were deﬁned, on the
Fig. 1. The left panel shows the relative reduction in bone mineral content (BMC), axial rigidity (axial), minimum bending rigidity (min bend) and torsional rigidity
(torsional) for every CT slice. This reduction is largest in the slice at location 385 mm (450% for minimum bending rigidity) and indicated with the black line in the lateral
plane (middle panel). In the right panel, the affected and unaffected femurs at this speciﬁc level are shown. Reprinted from (Snyder et al., 2006) with permission.
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basis of which fracture patients and non-fracture patients could
be accurately distinguished (sensitivity¼1, speciﬁcity¼0.94). This
method is rather straightforward, and relatively quick, but, as
acknowledged by the authors, it requires an intact contralateral
femur for calculation of the reduction in rigidity. In metastatic bone
disease, however, this contralateral femur is likely to be affected as
well, which hampers the use of this method. Moreover, the out-
come measures (axial, bending or torsional rigidities) are difﬁcult to
interpret in clinical practice. Finally, the method is not suited to
assess effects of different external loading modes and is therefore
difﬁcult to use in a clinical setting where clinicians would like
to advise the patient as to which daily activities can be safely
performed and which may lead to bone fracture.
The other promising tool for the prediction of fracture risk in
metastatic bone disease is patient-speciﬁc ﬁnite element (FE) analy-
sis. Although this method is widely studied to calculate the fracture
risk in osteoporosis (for example (Bessho et al., 2009; Keyak et al.,
2013; Kopperdahl et al., 2013; Orwoll et al., 2009)), few groups have
used it for assessing failure load in metastatic bone disease in the
femur (Cheal et al., 1993; Derikx et al., 2012; Keyak et al., 2005a,
2007; Spruijt et al., 2006; Tanck et al., 2009). Cheal et al. (1993) were
one of the ﬁrst to use FE modelling for this purpose. Unfortunately,
they found large differences between the calculated failure loads and
the failure loads measured in their experiments. These inferior
results may be explained by the fact that they used a femoral FE
model based on average anatomy and material behaviour data (Cheal
et al., 1993), and therefore did not capture the relevant biomechanical
differences that exist amongst bones of different subjects.
Some years later, Keyak and co-workers developed and exten-
sively validated a full workﬂow for patient-speciﬁc FE modelling
based on QCT images. They empirically established relationships
between CT values and bone material properties (Keyak et al.,
1996). Subsequently, in a mechanical test setup they loaded intact
cadaver femurs until failure and found good agreement between
the experiments and the FE simulations (Keyak, 2001; Keyak et al.,
2005b). Additionally, they applied this workﬂow to femurs with
simulated and actual metastatic lesions (Keyak et al., 2005a, 2007)
and were able to accurately predict bone strength (r¼0.97, r¼0.98
and r¼0.94, for intact femurs, and femurs with simulated and
actual lesions, respectively) (Keyak et al., 2005a).
Building on the work by Keyak et al. (2005b), we have developed
and validated a workﬂow for generating subject-speciﬁc ﬁnite
element models. For the validation of our model, we experimentally
tested 10 paired femurs under axial loading conditions (Derikx et al.,
2012; Tanck et al., 2009). Before testing, we retrieved QCT scans of
these femurs, on the basis of which we generated subject-speciﬁc FE
models. The axial loading conditions from the experiments were
mimicked, and the FE models were able to accurately predict the
experimental failure load (R2¼0.90 for intact femurs and R2¼0.93
for metastatic femurs). We additionally showed that, under these
simple loading conditions, FE models can outweigh the performance
of clinical experts (Fig. 2) (Derikx et al., 2012). By implementing more
realistic material behaviour, we were able to further improve the
prediction of failure locations (Derikx et al., 2011). Although results
were very promising in a cadaver study, it is still unclear if these
methods can also improve fracture risk assessment in patients.
Currently, we are running a ﬁrst prospective study to test if these
FE approaches can improve upon standard clinical guidelines with
regard to the prediction of bone fractures in patients. In this
prospective cohort study, including 66 patients with femoral bone
metastases, nine femurs fractured during follow-up. Preliminary
results for 23 of these patients (with ﬁve fractures in three patients)
show that the mean load capacity in the fracture group is sig-
niﬁcantly lower than in the non-fracture group, but conﬁdence
intervals between groups overlap. This indicates that the predic-
tions are not yet accurate enough on patient level, which obviously
is required for implementation in clinical practice. These prelimin-
ary results also show that FE models, with model deﬁnitions as
applied in the cadaver study, are currently able to identify fracture
cases and non-fracture cases with a sensitivity and speciﬁcity in the
same order as previous clinical guidelines. Fortunately, a number of
these model deﬁnitions can be further improved to better suit
in vivo fracture risk assessments. As a result, the number of over-
and undertreated patients could decrease, so that the FE models
could outperform existing clinical guidelines. This would render the
method safe to start clinical trials in which the FE models are used
for making clinical treatment decisions.
4. Future opportunities for FE analysis in clinical fracture risk
assessments
While current simulation results are promising, there are a
number of opportunities to further improve the predictive capa-
city of these models.
First of all, it is important to develop realistic loading conditions
(using musculoskeletal modelling) and to couple them to FE-models.
This would enable modelling of actual daily life activities, which
could lead to more tailored fracture risk predictions. For example, the
femoral load capacity of a femur under axial loading would be greatly
affected by a lesion in the medial shaft, but far less by a lesion in the
greater trochanter. The latter case would have a great inﬂuence on
the bone strength if the applied loading condition included the
abductor muscles. It should be noted, however, that the use of such
musculoskeletal models is not straightforward and may in turn lead
to (additional) errors entering the model (Lund et al., 2012). Hence,
the subsequent effect on the accuracy of the fracture risk predictions
should be elucidated.
Secondly, metastatic bone tissue may require adapted material
models. The material models used in FE modelling are generally based
on empirical studies investigating the relationship between CT inten-
sity and material behaviour of healthy bone tissue, as is the case in our
FE models. Yet, the composition and consequent material behaviour of
diseased bone tissue may be rather different from healthy tissue.
Although Keyak et al. (2005a) showed that the use of the healthy
material model is valid, adapted material models may be needed in
case of extensive sclerotic or mixed type lesions.
In addition, the transition from modelling cadaver experiments to
in vivo fracture risk assessments using FE models should be done with
caution. When scanning patients in vivo, bony structures and soft
tissues affect the CT attenuation in the femur. These effects are
obviously dependent on anatomy and are therefore patient-speciﬁc.
In order to minimise these beam hardening effects, a calibration
phantom should be used, which enables to establish patient-speciﬁc
or even image-speciﬁc calibration lines for converting CT intensities to
calcium equivalent values.
It may be challenging to performmulticentre studies and deal with
subsequent differences in CT images. These centres probably use CT
scanners frommultiple manufacturers, who apply different algorithms
to reconstruct the CT images. Robust calibration procedures are
needed to correct for these differences in order to reliably establish
material properties. Recent work by Carpenter et al. (2014) showed
large differences in calculated femoral bone strength based on QCT
images retrieved from two different scanners, especially under single
leg stance loading (mean difference -1100 N, 95% CI between 390 and
-2526 N, approximately; independent of femoral strength). The use of
hydroxyapatite calibration phantoms could not sufﬁciently correct for
these differences between scanners. Obviously, such measurement
errors are unacceptable when using FE predictions for clinical decision
making on a patient-speciﬁc basis, and rigorous alternative calibration
protocols should be developed for multicentre studies.
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Another opportunity to improve the predictive capacity is the
implementation of anisotropic material behaviour of bone. Since bone
anisotropy cannot be quantiﬁed using a clinical CT resolution, con-
siderable work should be done on multi-level modelling in order to
ﬁnd a proper way of implementing these mechanical properties in a
patient-speciﬁc manner. The ﬁrst steps in that direction have been
taken by Hazrati Marangalou et al. (2013). Although their ﬁndings
were not yet conﬁrmed using clinical CT images, the results were
promising and suggest that extrapolating anisotropic material beha-
viour frommicro-level CT data to macro-level FE models is possible. In
addition, imaging techniques are vastly improving, and it is only a
matter of time before this micro-level information can be gleaned
from clinical CT images with a radiation dose acceptable for in vivo
scanning. Alternatively, pre-clinical research on bone specimens
showed that ultrasound can be used to determine the structural
properties of bone (Lin et al., 2012). However, whether this new
technique is applicable in vivo as well, remains to be seen.
From a more practical point of view, the workﬂow for fracture
risk assessment using FE models should be accelerated beyond a
clinically acceptable limit. Clinical implementation is currently
hampered by the fact that the procedure to calculate the fracture
risk needs speciﬁc modelling software and engineering knowledge.
In order to make these mechanical tools available for experts in
clinical practice, the workﬂow should be further automated.
A promising method to do so is probabilistic modelling (Taylor
et al., 2013), which would use principal component analysis to
select characteristics from the FE models that are statistically
predictive for the fracture risk. If these signiﬁcant components are
determined for every patient, the statistical model can be used to
calculate the individual fracture risk. In this way, the extensive
patient-speciﬁc modelling becomes redundant, and the fracture risk
assessment will be accelerated to a clinically acceptable time span.
By addressing the opportunities mentioned above, further
improvements on in vivo fracture risk predictions can be estab-
lished, which will lead to decreased numbers over- and under-
treated patients. Obviously, the FE models can only be introduced
into clinical practice if they outperform existing guidelines. Since
these guidelines poorly predict the patient-speciﬁc fracture risk,
there is room for improvement of clinical decision making using
mechanical models. Hence, although the validity of these models
is not yet perfect, in the near future they may become of great
added value. There is no doubt that with the modelling and
imaging opportunities ahead, these tools will ﬁnd their way to
clinical practice in the very near future.
5. Conclusion
In this paper we discussed the clinical practice of metastatic bone
disease, which lacks an accurate predictor for the fracture risk.
Fig. 2. Clinical experts ranked intact femurs (squares) and femurs with artiﬁcial lytic lesions (circles) on bone strength. Their rankings poorly agreed with the actual ranking
on bone strength as determined from mechanical experiments. The ranking based on the FE model far better resembled the experimental results. Reproduced with
permission and copyright© of the British Editorial Society of Bone and Joint Surgery [Derikx LC, van Aken JB, Janssen D, et al. The assessment of the risk of fracture in femora
with metastatic lesions: comparing case-speciﬁc ﬁnite element analyses with predictions by clinical experts. J Bone Joint Surg [Br] 2012;94-B:1135–1142. (Supplementary
ﬁgure b)].
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Current scoring systems omit mechanical parameters (such as initial
bone strength) that are crucial for sound fracture risk assessments,
and therefore result in relatively high numbers of over- and under-
treated patients. Alternatively, biomechanical tools, such as CTRA and
FE modelling, have been proposed for clinical fracture risk assess-
ment in metastatic bone disease. In an experimental setting, both
methods show promising results; FE models have shown to outper-
form clinical experts. Obviously these models need to proof their
beneﬁt in clinical trials before this technology can be made available
for clinical experts treating patients with metastatic bone disease.
This transition to in vivo fracture risk assessment is challenging, but
there are a number of modelling and imaging opportunities to
further improve the predictive capacity of these models. With such
improvements ahead, these tools may become of great added value
for the fracture risk assessment in metastatic bone disease and as
such will ﬁnd their way to clinical practice.
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Note from the authors
Rik loved science. Rik was science. He enjoyed discussing and
developing theories about the mechanisms of bone adaptation and
taught us the basics of Wollf's law. Nowadays, we ourselves teach
students, in Rik's spirit, how bone adapts and often use the phrase
‘use it or lose it' which Rik used on many occasions. In this paper we
focus on metastatic bone disease, a devastating illness in which bone
is resorbed by cancer cells and normal bone adaptation rules do not
apply anymore. Although Rik favoured fundamental research, he
deﬁnitely stimulated applied research. Not because he wished to be
involved but mainly because he saw the urgency to improve the
connexion between biomechanics and clinical practice. The research
within the lab in Nijmegen has progressed in his spirit and we still
feel the presence of his critical and stimulating mind. We hope to
make him proud!
Acknowledgements
This work was funded by the Dutch Cancer Foundation and
Fonds NutsOhra.
References
Attar, S., Steffner, R.J., Avedian, R., Hussain, W.M., 2012. Surgical intervention of
nonvertebral osseous metastasis. Cancer Control. 19, 113–121.
Beals, R.K., Lawton, G.D., Snell, W.E., 1971. Prophylactic internal ﬁxation of the
femur in metastatic breast cancer. Cancer 28, 1350–1354.
Bessho, M., Ohnishi, I., Matsumoto, T., Ohashi, S., Matsuyama, J., Tobita, K., Kaneko, M.,
Nakamura, K., 2009. Prediction of proximal femur strength using a CT-based
nonlinear ﬁnite element method: differences in predicted fracture load and site
with changing load and boundary conditions. Bone 45, 226–231.
Bunting, R., Lamont-Havers, W., Schweon, D., Kliman, A., 1985. Pathologic fracture
risk in rehabilitation of patients with bony metastases. Clin. Orthopaedics Relat.
Res., 222–227.
Carpenter, R.D., Saeed, I., Bonaretti, S., Schreck, C., Keyak, J.H., Streeper, T., Harris, T.B.,
Lang, T.F., 2014. Inter-scanner differences in in vivo QCT measurements of the
density and strength of the proximal femur remain after correction with anthro-
pomorphic standardization phantoms. Med. Eng. & Phys.
Cheal, E.J., Hipp, J.A., Hayes, W.C., 1993. Evaluation of ﬁnite element analysis for
prediction of the strength reduction due to metastatic lesions in the femoral
neck. J. Biomechanics 26, 251–264.
Cheng, D.S., Seitz, C.B., Eyre, H.J., 1980. Nonoperative management of femoral,
humeral, and acetabular metastases in patients with breast carcinoma. Cancer
45, 1533–1537.
Coleman, R.E., 1997. Skeletal complications of malignancy. Cancer 80, 1588–1594.
Coleman, R.E., 2006. Clinical features of metastatic bone disease and risk of skeletal
morbidity. Clin. Cancer Res.: An Ofﬁcial J. Am. Assoc. Cancer Res. 12,
6243s–6249s.
Derikx, L.C., van Aken, J.B., Janssen, D., Snyers, A., Van der Linden, Y.M., Verdonschot, N.,
Tanck, E., 2012. The assessment of the risk of fracture in femora with metastatic
lesions: Comparing case-speciﬁc ﬁnite element analyses with predictions by
clinical experts. J Bone Jt. Surg Br 94, 1135–1142.
Derikx, L.C., Vis, R., Meinders, T., Verdonschot, N., Tanck, E., 2011. Implementation of
asymmetric yielding in case-speciﬁc ﬁnite element models improves the
prediction of femoral fractures. Comput. Methods Biomech Biomed Engin 14,
183–193.
Fidler, M., 1973. Prophylactic internal ﬁxation of secondary neoplastic deposits in
long bones. Br. Med. J. 1, 341–343.
Gralow, J.R., Biermann, J.S., Farooki, A., Fornier, M.N., Gagel, R.F., Kumar, R., Litsas, G.,
McKay, R., Podoloff, D.A., Srinivas, S., Van Poznak, C.H., 2013. NCCN Task Force
Report: Bone Health In Cancer Care. J Natl Compr Canc Netw 11 (Suppl 3),
S1–50 (quiz S51).
Harrington, K.D., Sim, F.H., Enis, J.E., Johnston, J.O., Diok, H.M., Gristina, A.G., 1976.
Methylmethacrylate as an adjunct in internal ﬁxation of pathological fractures.
Experience with three hundred and seventy-ﬁve cases. J. bone Jt. surgery. Am.
volume 58, 1047–1055.
Hazrati Marangalou, J., Ito, K., Cataldi, M., Taddei, F., van Rietbergen, B., 2013.
A novel approach to estimate trabecular bone anisotropy using a database
approach. J. biomechanics 46, 2356–2362.
Hipp, J.A., Springﬁeld, D.S., Hayes, W.C., 1995. Predicting pathologic fracture risk in
the management of metastatic bone defects. Clin. orthopaedics Relat. Res. 312,
120–135.
Johnson, S.K., Knobf, M.T., 2008. Surgical interventions for cancer patients with
impending or actual pathologic fractures. Orthop Nurs 27, 160–171.
Keene, J.S., Sellinger, D.S., McBeath, A.A., Engber, W.D., 1986. Metastatic breast
cancer in the femur. A search for the lesion at risk of fracture. Clin. orthopaedics
Relat. Res., 282–288.
Keyak, J.H., 2001. Improved prediction of proximal femoral fracture load using
nonlinear ﬁnite element models. Med. Eng. & Phys. 23, 165–173.
Keyak, J.H., Kaneko, T.S., Rossi, S.A., Pejcic, M.R., Tehranzadeh, J., Skinner, H.B.,
2005a. Predicting the strength of femoral shafts with and without metastatic
lesions. Clin. orthopaedics Relat. Res. 439, 161–170.
Keyak, J.H., Kaneko, T.S., Skinner, H.B., Hoang, B.H., 2007. The effect of simulated
metastatic lytic lesions on proximal femoral strength. Clin. orthopaedics Relat.
Res. 459, 139–145.
Keyak, J.H., Kaneko, T.S., Tehranzadeh, J., Skinner, H.B., 2005b. Predicting proximal
femoral strength using structural engineering models. Clin. orthopaedics Relat.
Res. 437, 219–228.
Keyak, J.H., Lee, I.Y., Nath, D.S., Skinner, H.B., 1996. Postfailure compressive behavior
of tibial trabecular bone in three anatomic directions. J Biomed Mater Res 31,
373–378.
Keyak, J.H., Sigurdsson, S., Karlsdottir, G.S., Oskarsdottir, D., Sigmarsdottir, A., Kornak, J.,
Harris, T.B., Sigurdsson, G., Jonsson, B.Y., Siggeirsdottir, K., Eiriksdottir, G., Gudnason,
V., Lang, T.F., 2013. Effect of ﬁnite element model loading condition on fracture risk
assessment in men and women: the AGES-Reykjavik study. Bone 57, 18–29.
Kopperdahl, D.L., Aspelund, T., Hoffmann, P.F., Sigurdsson, S., Siggeirsdottir, K.,
Harris, T.B., Gudnason, V., Keaveny, T.M., 2013. Assessment of incident spine
and hip fractures in women and men using ﬁnite element analysis of CT scans.
J. bone Miner. Res.: ofﬁcial J. Am. Society Bone Miner. Res.
Laitinen, M., Ratasvuori, M., Pakarinen, T.K., 2012. The multi-model approach to
metastatic disease. In: Bentley, G. (Ed.), European Instructional Lectures.
Springer, Berlin Heidelberg, Berlin, p. 248.
Leong, N.L., Anderson, M.E., Gebhardt, M.C., Snyder, B.D., 2010. Computed
tomography-based structural analysis for predicting fracture risk in children
with benign skeletal neoplasms: comparison of speciﬁcity with that of plain
radiographs. J. bone Jt. surgery. Am. volume 92, 1827–1833.
Lin, L., Cheng, J., Lin, W., Qin, Y.X., 2012. Prediction of trabecular bone principal
structural orientation using quantitative ultrasound scanning. J. Biomech. 45,
1790–1795.
Lund, M.E., de Zee, M., Andersen, M.S., Rasmussen, J., 2012. On validation of
multibody musculoskeletal models. Proc. Inst. Mech. Eng. Part H, J. Eng. Med.
226, 82–94.
Mantyh, P., 2013. Bone cancer pain: causes, consequences, and therapeutic
opportunities. Pain 154 (Suppl 1), S54–62.
Mavrogenis, A.F., Pala, E., Romagnoli, C., Romantini, M., Calabro, T., Ruggieri, P.,
2012. Survival analysis of patients with femoral metastases. J. Surg. Oncol. 105,
135–141.
Miller, F., Whitehill, R., 1984. Carcinoma of the breast metastatic to the skeleton.
Clin. Orthop. Relat. Res., 121–127.
Mirels, H., 1989. Metastatic disease in long bones. A proposed scoring system for
diagnosing impending pathologic fractures. Clin. Orthop. Relat. Res. 249,
256–264.
Orwoll, E.S., Marshall, L.M., Nielson, C.M., Cummings, S.R., Lapidus, J., Cauley, J.A.,
Ensrud, K., Lane, N., Hoffmann, P.R., Kopperdahl, D.L., Keaveny, T.M., 2009. Finite
element analysis of the proximal femur and hip fracture risk in older men.
J. Bone Miner. Res.: Ofﬁcial J. Am. Soc. Bone Miner. Res. 24, 475–483.
Parrish, F.F., Murray, J.A., 1970. Surgical treatment for secondary neoplastic
fractures. A retrospective study of ninety-six patients. J. Bone Joint Surg. Am.
vol. 52, 665–686.
Ratasvuori, M., Wedin, R., Keller, J., Nottrott, M., Zaikova, O., Bergh, P., Kalen, A.,
Nilsson, J., Jonsson, H., Laitinen, M., 2013. Insight opinion to surgically treated
L.C. Derikx et al. / Journal of Biomechanics 48 (2015) 761–766 765
metastatic bone disease: Scandinavian Sarcoma Group Skeletal Metastasis
Registry report of 1195 operated skeletal metastasis. Surg. Oncol. 22, 132–138.
Ruggieri, P., Mavrogenis, A.F., Casadei, R., Errani, C., Angelini, A., Calabro, T., Pala, E.,
Mercuri, M., 2010. Protocol of surgical treatment of long bone pathological
fractures. Injury 41, 1161–1167.
Snell, W., Beals, R.K., 1964. Femoral metastases and fractures from breast cancer.
Surg., Gynecol. Obstet. 119, 22–24.
Snyder, B.D., Cordio, M.A., Nazarian, A., Kwak, S.D., Chang, D.J., Entezari, V.,
Zurakowski, D., Parker, L.M., 2009. Noninvasive prediction of fracture risk in
patients with metastatic cancer to the spine. Clin. Cancer Res.: Off. J. Am. Assoc.
Cancer Res. 15, 7676–7683.
Snyder, B.D., Hauser-Kara, D.A., Hipp, J.A., Zurakowski, D., Hecht, A.C., Gebhardt, M.C.,
2006. Predicting fracture through benign skeletal lesions with quantitative
computed tomography. J. Bone Joint Surg. Am. vol. 88, 55–70.
Spruijt, S., van der Linden, J.C., Dijkstra, P.D., Wiggers, T., Oudkerk, M., Snijders, C.J.,
van, K.F., Verhaar, J.A., Weinans, H., Swierstra, B.A., 2006. Prediction of torsional
failure in 22 cadaver femora with and without simulated subtrochanteric
metastatic defects: a CT scan-based ﬁnite element analysis. Acta Orthop. 77,
474–481.
Tanck, E., van Aken, J.B., Van der Linden, Y.M., Schreuder, H.W., Binkowski, M.,
Huizenga, H., Verdonschot, N., 2009. Pathological fracture prediction in patients
with metastatic lesions can be improved with quantitative computed tomo-
graphy based computer models. Bone 45, 777–783.
Taylor, M., Bryan, R., Galloway, F., 2013. Accounting for patient variability in ﬁnite
element analysis of the intact and implanted hip and knee: a review. Int. J.
Numer. Methods Biomed. Eng. 29, 273–292.
Van der Linden, Y.M., 2005. Radiotherapy in bone metastases, The Dutch Bone
Metastasis Study. University of Leiden, Leiden.
Van der Linden, Y.M., Dijkstra, P.D., Kroon, H.M., Lok, J.J., Noordijk, E.M., Leer, J.W.,
Marijnen, C.A., 2004. Comparative analysis of risk factors for pathological
fracture with femoral metastases. J. Bone Jt. Surg. Br. 86, 566–573.
Windhagen, H.J., Hipp, J.A., Silva, M.J., Lipson, S.J., Hayes, W.C., 1997. Predicting
failure of thoracic vertebrae with simulated and actual metastatic defects. Clin.
Orthop. Relat. Res., 313–319.
Yazawa, Y., Frassica, F.J., Chao, E.Y., Pritchard, D.J., Sim, F.H., Shives, T.C., 1990.
Metastatic bone disease. A study of the surgical treatment of 166 pathologic
humeral and femoral fractures. Clin. Orthop. Relat. Res., 213–219.
Zickel, R.E., Mouradian, W.H., 1976. Intramedullary ﬁxation of pathological fractures
and lesions of the subtrochanteric region of the femur. J. Bone Joint Surg. Am.
vol. 58, 1061–1066.
L.C. Derikx et al. / Journal of Biomechanics 48 (2015) 761–766766
